SUMMARY. The objectives of this study were to measure action potential parameters in enzymedissociated, adult rat ventricular myocytes stimulated at 1 Hz, to compare these measurements with those obtained from intact ventricular tissue, and to determine myocyte and tissue responses at stimulus frequencies between 0.1 and 5 Hz. Action potentials were characterized in terms of amplitude, overshoot, resting potential, duration at 25% and 75% repolarization (APD25, APD75), and V max . Based on statistical differences in APD25 and APD75, myocyte action potentials were classified as type 1 (3.1 ± 1.0 and 21.5 ± 3.6 msec), type II (7.4 ± 1.1 and 38.2 ± 6.7 msec), or type III (14.5 ± 1.9 and 46.0 ± 4.1 msec). Action potentials corresponding to type I were found in right ventricular endocardium and right papillary muscles, and those corresponding to types II and III in the left ventricular endocardium [apex, middle (II); base (III)] and left papillary muscles (II). Myocytes and papillary muscles responded to increases in driving rate with nearly identical lengthening of APD25 and shortening of APD 75 . The one exception was at 5 Hz where a lengthening of the APD75 occurred in some myocytes. We conclude that action potential configuration in rat ventricle is heterogeneous, and that this is reflected by the different types of action potentials in isolated myocytes. It is likely that the magnitude of a transient outward current is a determinant of action potential configuration, and that slow reactivation of this current is a significant factor underlying the stimulus frequency response. (Ore Res 52: 280-290, 1983) 
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Toshifumi Watanabe, Leanne M. Delbridge, J. Omar Bustamante, and Terence F. McDonald From the Department of Physiology and Biophysics, Dalhousie University, Halifax, Nova Scotia, Canada SUMMARY. The objectives of this study were to measure action potential parameters in enzymedissociated, adult rat ventricular myocytes stimulated at 1 Hz, to compare these measurements with those obtained from intact ventricular tissue, and to determine myocyte and tissue responses at stimulus frequencies between 0.1 and 5 Hz. Action potentials were characterized in terms of amplitude, overshoot, resting potential, duration at 25% and 75% repolarization (APD25, APD75), and V max . Based on statistical differences in APD25 and APD75, myocyte action potentials were classified as type 1 (3.1 ± 1.0 and 21.5 ± 3.6 msec), type II (7.4 ± 1.1 and 38.2 ± 6.7 msec), or type III (14.5 ± 1.9 and 46.0 ± 4.1 msec). Action potentials corresponding to type I were found in right ventricular endocardium and right papillary muscles, and those corresponding to types II and III in the left ventricular endocardium [apex, middle (II); base (III)] and left papillary muscles (II). Myocytes and papillary muscles responded to increases in driving rate with nearly identical lengthening of APD25 and shortening of APD 75 . The one exception was at 5 Hz where a lengthening of the APD75 occurred in some myocytes. We conclude that action potential configuration in rat ventricle is heterogeneous, and that this is reflected by the different types of action potentials in isolated myocytes. It is likely that the magnitude of a transient outward current is a determinant of action potential configuration, and that slow reactivation of this current is a significant factor underlying the stimulus frequency response. SINGLE adult myocytes offer many advantages over multicellular cardiac preparations as models for the study of cardiac cell structure and function (see reviews by Dow et al., 1981a Dow et al., , 1981b . For example, the absence of narrow intercellular clefts and the small membrane area of a single myocyte alleviate several major problems encountered in electrophysiological experiments on multicellular preparations (e.g., Johnson and Lieberman, 1971; Baumgarten et al., 1977; Reuter, 1979) . Despite these benefits of the single myocyte model, there is a need for caution because it is possible that disaggregation procedures, such as treatment with proteolytic enzymes and low calcium solutions, could affect membrane ionic channels (see McDonald et al., 1972; Lee et al., 1977; Crevey et al., 1978; Cros et al., 1981) . In fact, the results of some electrophysiological studies point to abnormal states of ionic permeabilities in enzyme-dissociated adult myocytes. Low resting potentials that were insensitive to external potassium (K o ) were measured in rabbit ventricular myocytes (Rieser et al., 1979) , and rhythmic pacemaker potentials have frequently been observed in rat ventricular myocytes (Fabiato and Fabiato, 1972; Powell et al., 1980; Brown et al., 1981) . In the latter two studies, and in other recent work on isolated heart cells (Lee et al., 1979; Isenberg and Klockner, 1980; Hume and Giles, 1981; Taniguchi et al., 1981; Bustamante et al., 1981 Bustamante et al., , 1982 , it is claimed that the action potential has a "normal" configuration, or one similar to that of intact tissue. However, with the odd exception, the evidence in support of these claims was not presented.
The purpose of the present work was to compare action potential configuration in isolated ventricular myocytes and intact ventricular tissue preparations. There were three reasons for choosing the rat as the subject species. First, the majority of ultrastructural, biochemical, pharmacological, and physiological studies have employed ventricular myocytes from rat rather than other species (see Dow et al., 1981a Dow et al., , 1981b . Second, since the rat ventricular action potential is unlike that of guinea pig and most other mammals (Weidmann, 1956 ) and we already had information on action potential configuration in guinea pig ventricular myocytes (Bustamante et al., 1981) , the results from rats would provide a useful discriminatory test. Finally, the effect of stimulation frequency on the action potential configuration of rat ventricular tissue appears to be complex (e.g., Lazarus et al., 1980; Payet et al., 1981) and therefore useful for comparison with the response of isolated myocytes.
Methods
Single ventricular myocytes, ventricular wall preparations, or papillary muscles were obtained from the hearts of decapitated male rats (Sprague-Dawley, 250-300 g). Modified Krebs solutions contained (ITIM): NaCl, 113.1; KC1, 4.6; MgCI 2 , 1.2; NaH 2 PO 4 , 3.5; NaHCO 3 , 21.9; and glucose, 5; with 2.45 mM CaCb (Ca-Krebs) or zero CaCl 2 (Ca-free Krebs). Solutions were gassed with 95% O 2 /5% CO 2 , and had a pH of 7.4 and a temperature of 36 ± 0.5 °C.
Isolated Myocytes
Single myocytes were isolated by a procedure based on that previously described (Bustamante et al., 1981) . In brief, hearts were cannulated, mounted on the base of a Langendorff column, and sequentially perfused with Ca-free Krebs (1 min), Ca-free enzyme solution containing 300 U/ml collagenase (type V, Sigma) and 200 U/ml trypsin (type XII, Sigma) (20 min, recirculation), and Ca-free Krebs (1-min washout). The inclusion of trypsin improved reproducibility in regard to cell number and percent rod-shaped cells. The ventricles then were excised, immersed in Ca-free Krebs solution, and cut into small fragments with iris scissors. Myocytes were dispersed by gentle stirring, and this suspension was gravity filtered through nylon gauze (250 fim mesh). The filtrate was diluted with an equal volume of CaKrebs and stored at room temperature.
A few drops of the cell suspension were placed on the microscope coverslip that formed the floor of a 1-ml Perspex chamber attached to the stage of an inverted microscope (type D, Zeiss). The chamber was perfused at 2 ml/min with Ca-Krebs. A TV system (Sony) was used to view the cells and monitor contractile activity.
Membrane potential was recorded with 3 M KCl-filled microelectrodes (20-50 MS2) connected via an Ag-AgCl pellet to a high input impedance amplifier (M707, WPI); the reference electrode was a 3 M KCl/Ag-AgCl unit. Impalement was achieved by advancing microelectrodes at an angle of 60°-80° to the base of the chamber. The maximum rate of rise of the action potential upstroke (V max ) was obtained from electronic differentiation of the action potential. Membrane potentials and dV/dt were displayed on a storage oscilloscope (5113, Tektronix).
Ventricular Wall Preparations
Hearts were placed in a dissection chamber containing Ca-Krebs. After the atria were removed, incisions were made from the base to the apex along the septum to expose the left and right endocardial surfaces. A portion of the septum was removed, and the left and right walls were pinned to the floor of a Perspex bath (5 ml volume) perfused with Ca-Krebs (10 ml/min). Stimulation with 1 msec duration, 50% suprathreshold pulses was applied to the base of the septum through a bipolar electrode. Stimulus frequency was 1 Hz during the initial 30-minute equilibration period and during all subsequent periods, unless otherwise specified.
Membrane potential was recorded with 3 M KCl-filled microelectrodes (8-10 Mfl) connected via an Ag-AgCl pellet to a high input impedance amplifier (M750, VVPF); the reference electrode was a 3 M KCl/Ag-AgCl unit. The membrane potential and dV/dt were displayed on a storage oscilloscope (5113, Tektronix).
Papillary Muscles
Hearts were placed in Ca-Krebs and papillary muscles (<0.5 mm diameter) from the apical region of either ventricle were tied at the tendinous end with silk thread. After dissection, muscles were transferred to a Perspex bath (1 ml volume) perfused with Ca-Krebs at 2 ml/min, clamped at the mural end, and attached to a light stainless steel rod at the tendinous end. Stimulation parameters and the recording of electrical signals were as described above for the ventricular wall preparations. An equilibration period of 60 minutes preceded experimental protocols.
Experimental Design
Microelectrodes were allowed to seal-in for 10-20 minutes prior to data collection. Measurements on the action potential included amplitude, overshoot, resting potential, duration at 25% and 75% repolarization (APD25, APD75), and V max . Preliminary experiments indicated that, with a change in stimulation frequency, alteration of action potential configuration was more than 90% complete within 5 minutes. On this basis, the protocol for determination of stimulus frequency relations called for a 5-minute stabilization period at each new frequency, the sequence being 1, 5, 2, 1, 0.33, 0.1, and 1 Hz.
Data Analysis
Measurements were made from enlarged (15X) projections of 35-mm film records of oscilloscope displays. All values are expressed as mean ± SD. An analysis of variance (ANOVA) for independent samples was used to determine statistical significance between groups (Colquhoun, 1971) .
Results

Isolated Ventricular Myocytes
Morphology; Impalement; Excitability About 60% of the isolated myocytes had a damaged, rounded-up appearance, and most of these incorporated the vital stain, trypan blue (0.1%, 10-minute exposure). The remaining 40% had a rod-shaped appearance and prominent cross-striations. These myocytes excluded trypan blue, did not beat spontaneously in Ca-Krebs, and measured 117 ± 16 jam in length and 25 ± 9 jum in diameter (n=100). More than 95% of the rod-shaped myocytes (n>200) responded with twitch-like contractions when short current pulses (50-100 nA, 0.5 msec, 1 Hz) were passed through a microelectrode positioned at the external surface of the cell.
Stable microelectrode impalements (average 4 hours) were obtained in 30 myocytes from 20 hearts. In seven of these myocytes, the initial resting potentials of -70 to -75 mV increased by 5-15 mV within 10 minutes. In the other myocytes, the hyperpolarization to steady state levels progressed from initial resting potentials of -30 to -50 mV (Fig. lA) . Intracellular current pulses (5-20 nA, 0.5 msec, 1 Hz) triggered action potentials characterized by a fast upstroke, a rapid early repolarization, and a slow terminal repolarization (Figs. IB and 3).
Threshold phenomena were examined in 10 myocytes exhibiting stable electrical activity. Intracellular depolarizing pulses generated subthreshold membrane responses when the current was too weak to elicit action potentials (Fig. lC) . The maximum positive potential of the subthreshold response was -63 ± 3 mV. This estimate of threshold potential compares with that of -65.4 mV in canine ventricular tissue (Kamiyama and Matsuda, 1966) , and -64.7 mV in guinea pig ventricular tissue (Kishida et al., 1979) .
Three Types of Stable Action Potentials
In the myocytes examined here, the configuration of the action potential was stable (<3% change in amplitude or resting potential, <10% change in duration) over long periods of time (average 4 hours; see was stable in any given myocyte, it differed considerably between myocytes. Since the differences in action potential duration were particularly evident, we constructed a scatter diagram of APD25 vs. APD75 for the action potentials of 30 myocytes driven at 1 Hz (Fig. 2) . The data appeared to cluster into three distinct groups, and these were designated types I, II, and III, in order of increasing action potential duration. There was no evidence of a link between action potential duration and cell morphology, nor is it likely that the variability in duration arose from variability between donor hearts. The latter conclusion emerges from three experiments where, in each case, the three types of action potentials were recorded from different myocytes isolated from the same heart. Example records from one of these experiments are shown in Figure 3 .
Action potentials assigned to one of these types on the basis of APD25 and APD75 measurements were characterized further in terms of amplitude, overshoot, resting potential, and V ma x. A complete comparison of the three groups is shown in Table 1 . As expected from Figure 2 , the APD25 and APD75 of type III action potentials (14.5 ± 1.9 and 46.0 ± 4.1 msec) were significantly longer ( P < 0.01-0.001) than those of type II (7.4 ± 1.1 and 38.2 ±-6.7 msec) which, in turn, were longer ( P < 0.001) than those of type I (3.1 ± 1.0 and 21.5 ± 3.6 msec). The other significant difference (P < 0.05-0.001) between the three types of action potentials was that the amplitude of type III Gulch (1980) , and Keung and Aronson (1981) , found that the configuration of the action potential in rat ventricle was not homogeneous. Thus, one explanation for the presence of several populations of action potentials in the isolated myocytes is that there are also several populations in the intact tissue. This was investigated by sampling electrical activity in the right and left ventricular endocardium and in papillary muscles dissected from the two ventricles.
Intact Ventricular Tissue
Endocardial Action Potentials
The endocardial surfaces of the right and left ventricles were visually divided into three regions each: the apex, the middle, and the base. In five complete experiments on ventricular wall preparations driven at 1 Hz, stable action potentials were recorded from two well-separated sites in each of these regions. A scatter diagram of APD25 vs. APD75 was constructed (Fig. 4 ) and, as with the myocyte data (Fig. 2) , the values appeared to cluster into three groups. Action potentials from the right ventricle (open symbols)
were the shortest and could be accommodated in one group (type I). The other two groups (types II and III) were formed from measurements on left ventricular action potentials (filled symbols). The regional location of each action potential is identified by symbol in Figure 4 , and there seems little doubt that the action potential duration in the left ventricle is shortest in the apex (all type II) and longest in the base (nearly all type III); A similar though less pronounced pattern may exist in the right ventricle. Representative records of the three types of endocardial action potentials are shown in Figure 5 , and a detailed comparison is contained in Table 2 . The APD25 and APD75 of the type III action potentials (14.6 ± 1.3 and 44.3 ± 4.6 msec) were significantly longer (P<0.001) than those of type II (7.7 ± 1.7 and 36.0 ± 6.5 msec) which, in turn, were longer (P< 0.001) than those of type I (3.1 ± 1.1 and 19.1 ± 4.3 msec). The only other significant difference between the three types of endocardial action potentials was that the amplitude of type III (109.4 ± 5.7 mV) was greater ( P< 0.005) than that of type I (103.8 ± 4.3 mV).
In the studies on left ventricular endocardium, we also recorded action potentials from what were assumed to be Purkinje fiber bundles (crosses in Fig. 4 ; rightmost panel in Fig. 5 ). The action potentials were distinct from the other ventricular action potentials in that depolarization was extremely fast (V ma x of 352 ± 27 V/sec), and a very short APD25 (1.9 ± 0.5 msec) was combined with a relatively long APD75 (43.4 ± 2.4 msec).
Papillary Muscles
Action potentials were recorded from papillary muscles dissected from the apical region of the right or left ventricle. The example records in Figure 6 highlight the major difference in the action potential of the two tissues: the duration was considerably shorter in muscles from the right heart than from the left. A summary of the measurements on action potentials from 10 right and 10 left papillary muscles is presented in Table 3 . In left papillary muscles, the APD25 and APD75 (6.5 ± 1.6 and 33.9 ± 4.7 msec) were significantly ( F<0.001) longer than in right papillary muscles (2.4 ± 1.2 and 19.1 ± 3.3 msec). There was no significant difference (P>0.05) in overshoot, resting potential, or V max , but the action potential amplitude was greater (P<0.05) in the left (108.3 ± 3.0 mV) than in the right (105.1 ± 3.2 mV).
Statistical Comparison of Action Potential Parameters from Myocytcs and Intact Tissue
The records and data in Figures 2-6 and Tables 1-3 suggest that (1) the three types of action potentials in isolated myocytes correspond to the three types in the ventricular endocardium, (2) action potentials in papillary muscles from the right ventricle correspond to type 1 action potentials from myocytes and endocardial tissue, and (3) action potentials in papillary muscles from the left ventricle correspond to type II action potentials from myocytes and endocardial tissue.
There are no statistical differences (P>0.05) be- A final point on the heterogeneous configuration of the rat ventricular action potential concerns the relation between action potential amplitude and duration. Tables 1-3 show that groups of action potentials having larger amplitudes also have longer durations. If this were a matter of cause and effect, one might expect the dependence between the two parameters to be just as apparent within groups as between groups. This was not the case (r<0.5) for amplitude vs. APD25 or APD75 within the groups. 
Frequency-Dependent Changes in the Action Potentials of Myocytes and Papillary Muscles
We employed stimulus frequencies ranging from 0.1 to 5 Hz to compare the responses of type I and II myocytes with those of right and left ventricular papillary muscles. Similar protocols applied to ventricular wall preparations were not successful due to the emergence of spontaneous activity at low driving rates.
The results of complete experiments (continuous impalements throughout) are plotted in Figure 7 . For each myocyte or muscle, the APD25 and APD75 measured at 1 Hz were designated as 100%, and those measured at other frequencies were normalized accordingly. Successful experiments were obtained on eight myocytes, and since there appeared to be no difference in the responses of types I (n=3) and II (n=5), the data were pooled (open circles). Similarly, since papillary muscles from the right ventricle (n=2) behaved in the same way as those from the left (n=6), these results were also pooled (filled circles).
In general, the action potential in myocytes and tissues responded in a way similar to the changes in driving rate. The APD25 increased with increasing frequency (from 75% at 0.1 Hz to 140% at 5 Hz), and there was no significant difference ( P>0.05) between myocytes and tissues. The APD75 shortened from about 135% at 0.1 Hz to 95% at 2 Hz. There was a further shortening of about 5% at 5 Hz in the tissues but a lengthening in the myocytes. In fact, the 30% lengthening of the APD75 in the myocytes created the only significant difference (P<0.02) between myocytes and tissues over the entire frequency range.
A closer examination of the data brings out two interesting features. First, in both myocytes and tissues, the APD25 had a maximum SD of about 15% in contrast to maxima of 30-40% for the APD 7 5-Second, although the variability of the tissue APD75 declined greatly as the frequency was increased from 0.1 to 5 Hz, that of the myocytes declined up to 2 Hz but then increased sharply again at 5 Hz. The variable nature of the myocyte response at 5 Hz is illustrated by the records in Figure 8 . When the stimulus frequency was increased from 1 to 5 Hz, there was a moderate shortening of the APD75 in one myocyte (middle row). This behavior is not unlike that observed in papillary muscles (top row). By contrast, there was a marked lengthening of the APD75 at 5 Hz in the other myocyte (bottom row). A final observation in the stimulus frequency experiments was that an increase in rate from 1 Hz to 5 Hz depolarized the myocytes by 1-5 mV and the papillary muscles by 5-8 mV within 1 minute. Continued stimulation at the high rate produced a recovery such that the resting potential at 5 minutes was usually within 3 mV of the level at 1 Hz.
Discussion
Action Potentials in Isolated Ventricular Myocytes and Tissue
Action potentials recorded from isolated myocytes were classified as type I, II, or III, based on statistical differences in APD25 and APD75 (I < II < III). A plausible explanation for the heterogeneity of electrical activity in the myocytes is that there are regional differences in cellular electrical activity in the ventricle. This was confirmed in experiments on ventricular wall preparations and papillary muscles. Endocardial action potentials were classified as type I, II, or III, based on statistical differences in APD25 and APD75 (I < II < III). Type I endocardial action potentials were found only in the right ventricle, whereas types II and III were located in the left ventricle, type II being almost exclusively in the apex and middle regions rather than in the base. In papillary muscles dissected from apical regions, the APD25 and APD75 were statistically shorter in papillary muscles from the right ventricle than from the left. A statistical analysis of the data strongly suggests that myocyte types I, II, and III correspond to endocardium types I, II, and III, and that right and left papillary muscles correspond to types I, and II, respectively.
In the absence of quantitative voltage clamp information on the rat ventricular myocytes and tissues examined in this study, our explanation of repolarization and the heterogeneity of its time course is based on the following considerations:
1. In Purkinje fibers, a fast-activating transient outward current (Ito) carried mainly by K ions Gibbons, 1979a, 1979b; Vereecke et al., 1980; Marban, 1981; Kass et al., 1982) is responsible for phase 1 repolarization (Carmeliet and Vereecke, 1979; Boyett, 1981a Boyett, , 1981b . A similar current may underly the analogous event, early repolarization, in rat ventricle. There are two reasons for believing this. First, in our preliminary experiments with 1 mM 4-aminopyridine, a blocker of I to in Purkinje fibers (Kenyon and Gibbons, 1979b) , there was an increase in action potential amplitude and an impressive lengthening of the APD25 in rat ventricular myocytes and tissue. Second, the increase in APD25 with frequency is similar to that in Purkinje fibers and, is most easily explained by an involvement of I to .
2. A slow inward current (I S i) observed in rat ventricular strands (Mainwood and McGuigan, 1975; Payet et al., 1978) and myocytes (Isenberg and Klockner, 1980) would oppose I to and exert a lengthening influence on the action potential.
3. If rising outward currents (IK, 1 % ) are present in rat ventricle, and if they are similar to those observed in other mammalian ventricular tissue [e.g., activation time constants of 300 and 3000 msec in cat ventricle (McDonald and Traurwein, 1978a) ], they would not develop quickly enough to have an impact on early repolarization. It is also unlikely.,that they contribute to late repolarization because, in addition to the time constraint, steady state activation of these outward currents is usually small at potentials negative to -40 mV (e.g., McDonald and Trautwein, 1978b) . 4. A time-independent, background outward current (Ib g ) would have a shortening effect on the action potential.
The foregoing suggests that the fast repolarization phase could be driven by a large net outward current comprised of I to + I S i + Ibg, and the secondary repolarization by an attenuated version of the same outward current. The heterogeneity of the action potential could then be due to relative differences in the magnitude of Ibg, and in the time courses and magnitudes of I to and I S i.
Resting Potential and Overshoot
Even though the resting potential and overshoot measured in this study are as large as those found by others in rat ventricular tissue (Payet et al., 1978; Gulch, 1980; Lazarus et al., 1980; Aronson, 1980; Keung and Aronson, 1981) , they are on the low side for mammalian ventricular muscle. For example, the ca. -80 mV resting potential in rat tissue and myocytes contrasts with the ca. -90 mV recorded in guinea pig papillary muscle (Baumgarten et al., 1981) and myocytes (Bustamante et al., 1981) under similar conditions. This suggests that resting p N a /p k in rat ventricle is much higher, and/or that intracellular K activity is much lower, than the estimates of 0.002 and 107 mM in guinea pig ventricle (Baumgarten et al., 1981). The higher resting potential in guinea pig myocytes is accompanied by a 10-mV higher overshoot [36 ± 4 mV (Bustamante et al., 1981) ]. This appears to be unrelated to a removal of steady state Na inactivation because V max (243 ± 47 V/sec) is similar to that in rat myocytes. At least part of the explanation for the disparity in overshoot may be that the repolarizing influence of I to is not nearly as large in guinea pigs as in rats.
Comparison with Previous Results in Rat Myocytes
Action potentials in rat ventricular myocytes have been recorded in three other studies [Isenberg and Klockner (1980 ), Powellet al. (1980 ), and Brown et al. (1981 ]. The results of Brown et al. (1981) need not be discussed separately because their isolation method and observations dh myocyte electrical activity were the same as those of Powell et al. (1980) . Figure 9 shows superimposed drawings of representative action potentials recorded in the two earlier studies and in the present one. Although the resting potentials and overshoots are in reasonable agreement, the time courses of repolarization have little in common. Isenberg and Klockner (1980) (Fig. 2b,c in Klb'ckner, 1980), and P (Fig. 14F in Powell et al., 1980) .
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types of action potentials, types b and c. Their type b action potential bears some resemblance to our type III, whereas their type c has a plateau phase that is much longer than that yet recorded in the adult rat ventricle. The action potentials recorded by Powell et al. (1980) are difficult to categorize because diastolic potentials near -80 mV were recorded only after treatment with valinomycin, high Ca or high Mn. In addition, most records (their Fig. 14) were obtained from spontaneously active myocytes, which suggests altered membrane permeabilities or microelectrode impalement problems. The action potential (P) in Figure 9 is a drawing of the only record of a stimulated (1 Hz) action potential in their paper. It has a similar APD25 but a 3-5 times longer APD75 than those measured in the present study.
The discrepancies between our results and the earlier ones could be due to differences in the composition of the bathing solutions, regional differences of electrical activity in the ventricle, or alterations of membrane permeabilities by the isolation procedures. The first explanation can be ruled out because solutions similar to those used in the earlier studies had no major effect on myocyte action potentials (unpublished observations). The second explanation, regional differences, is not easily discounted because tight electrical coupling of myocytes in a multicellular preparation may rule out the detection of small populations of cells having action potential configurations quite different from those of larger populations. However, if the explanation is regional differences rather than isolation procedures, it is difficult to explain why we did not observe type c or P (Fig. 9) , and why the other groups did not find our most frequently observed configurations, types I and II.
Stimulus Frequency and the Action Potential Configuration in Rat Ventricular Tissue and Myocytes
There have been few studies on the frequency dependence of the rat ventricular action potential, and the results from these do not form a coherent picture. Blesa et al. (1970) reported that the action potential configuration in right papillary muscles was independent of stimulation rate (0.1 to 2.5 Hz). Lazarus et al. (1980) studied left papillary muscles and found that increasing the stimulation rate from 2 to 6 Hz lengthened the duration at 20% repolarization and shortened it at the 50% and 95% levels. By contrast, Payet et al. (1981) observed that increases in stimulus frequency between 0.1 and 6 Hz shortened the action potential of right ventricular trabeculae at all repolarization levels. Keung and Aronson (1981) reported a similar result in left papillary muscles (1-6.7 Hz).
We observed a lengthening of the APD25 and a shortening of the APD75 in both right and left papillary muscles as the rate was increased from 0.1 to 5 Hz. Thus, the results are in line with those of Lazarus et al. (1980) but not with those of the other three studies. Since the age of the animals, and the composition and temperature of our solutions were nearly identical to those of Keung and Aronson (1981) 
Possible Mechanisms
Stimulus frequency affects the movement and distribution of ions, and the sum of the resultant shortening and lengthening influences determines the action potential configuration (see Carmeliet, 1977; Boyett and Jewell, 1980) . Factors tending to shorten the action potential in rat ventricle driven at a higher rate may include the incomplete recoveries of I S j and time-dependent InOther shortening effects could arise from a redistribution of ions. (1) An accumulation of intracellular Na may increase outward current due to electrogenic Na pumping (see Isenberg and Trautwein, 1975; Kurachi et al., 1981) . (2) A buildup of intracellular Ca could enhance gK (Bassingthwaighte et al., 1976; see also McDonald, 1982) . However, this argument may not be applicable in the present case because the negative force-frequency relation in rat ventricle (Hoffman and Kelly, 1959; Siegl and McNeill, 1980;  unpublished observations) does not suggest a buildup of Caj. (3) A frequency-dependent accumulation of K in narrow extracellular clefts (Cleemann and Morad, 1976; Kunze, 1977; Browning et al v 1979) could increase gK and outward current (despite the accompanying decline in driving force: see Noble, 1965; Trautwein and McDonald, 1978) .
Lengthening influences would be exerted by factors producing a reduction in net outward current when the driving rate is increased. If a rate-dependent increase in Isi is discounted (see below), a rate-dependent decrease in the hypothetical I to emerges as the most likely factor. In cardiac Purkinje fibers, the slow recovery of I to from inactivation (Peper and Trautwein, 1968; Fozzard and Hiraoka, 1973) leads to a major reduction (~80%) in I to and the rate of phase 1 repolarization at frequencies between 0.1 and 3.3 Hz (Hiraoka and Hiraoka, 1975; Boyett, 1981a Boyett, , 1981b . Similar behavior in rat ventricle could account for the frequency-dependent lengthening of the APD25. Between 0.1 and 1 Hz, the I to -related lengthening influence on the APD75 appears to be more than offset by shortening factors such as Na pump current and K odependent gK. However, between 1 and 5 Hz, a further slight shortening of the APD75 was recorded in all tissues but in only some myocytes. In the other myocytes, a marked lengthening was observed between 1 and 5 Hz. A possible explanation is that the degree of extracellular K accumulation, and consequently gK activation, that occurs in tissue driven at 5 Hz is not attained in most myocytes.
The foregoing discussion of possible mechanisms is at odds with the results of Payet et al. (1981) on frequency-dependent changes in the action potential and membrane currents of rat ventricular trabeculae. They concluded that the outward current is "instantaneous" (time-independent) and does not change with frequency between 0.1 and 4 Hz, that repolarization is mainly determined by I s i, and that changes in the amplitude and kinetics of I 8 i mediate the rate-dependent shortening of the action potential. The key conclusion, a reduction in the contribution of I S i as frequency is increased, is a suitable explanation for their observations (a rate-dependent decrease in action potential duration at all repolarization levels) but not for those found here. In fact, the very opposite result, an increase in I s i with rate, would be required to explain the lengthening of the APD25. An increase in I S i with rate is not the usual finding in mammalian ventricular muscle (see Boyett and Jewell, 1980) . However, it has been observed in frog atrial fibers driven at rates between 0.3 and 1 Hz and was accompanied by an increase in the force of contraction (Noble and Shimoni, 1981) . This may signal a facilitation of gca by the buildup of Cai (see also McDonald, 1982) . The obvious difficulties in applying this argument to the present case are that Noble and Shimoni (1981) did not study frequencies above 1 Hz, and that the negative force-frequency relation in rat ventricle does not suggest an increase in I S i with frequency.
